Neutron scattering and diffraction experiments employing selective isotopic substitution allow one to render a component of the sample effectively 'invisible" by matching the scattering-length densities of the solvent and sample. Ultimately, the resolution of the structural details of the visible portions of such samples are limited by the presence of scattering-length fluctuations. Here it is shown that for arrays of visible particles, which are small compared to the particle(s) in which they are embedded, their diffraction intensities can be obtained to a higher resolution than is attainable by conventional density matching. By appropriately combining measurements on samples in which the array particles have three different levels of isotopic substitution, it is possible to generate a diffraction pattern which is free of intensity contributions and fluctuation distortions from the matrix. This technique may be applied to ordered arrays and to solutions of such arrays. It will be particularly useful for biological systems where the deuteration level of nucleic acid or protein can be varied.
Introduction
Neutron diffraction, in combination with isomorphic isotopic substitutions, is a powerful tool for obtaining in situ structural information about a member or members of a multicomponent complex. In this method the solvent scattering-length density, a nuclear property, is set so as to equal that of the member to be rendered 'invisible' and only the unmatched member(s) scatters or diffracts. A number of biological macromolecular complexes, both organized and in solution, have been studied with this method. Typically, one or two of the subunits are fully or partially deuterated and the solvent DzO concentration is varied to obtain the scattering-length density required to match either the protonated or deuterated components. An elegant 0021-8898/91/040312-04503.00 example of the application of this method in solution is found in work on mapping the structure of the 30S ribosomal subunit of E. coli (for example Capel et al., 1987) . Here the quaternary structure was determined by triangulation based on numerous intra-pair distance measurements. This method has also been applied in several crystallographic studies, where structural information has been obtained from separate parts of a complex. These include: the separation of nucleic acid and protein structures in the nucleosome core particle (Bentley, Lewit-Bentley, Finch, Podjarny & Roth, 1984) and in satellite tobacco necrosis virus (Bentley, Lewit-Bentley, Lilijas, Skoglund, Roth & Unge, 1987) and the determination of the detergent structure in crystals of the photosynthetic reaction center (Roth, Lewit-Bentley, Michel, Deisenhofer, Huber & Oesterhelt, 1989) .
Density matching methods are ultimately limited by scattering-length-density fluctuations (Kirste & Stuhrmann, 1967) in the density-matched portion. These fluctuations and the unmatched density can give rise to interference intensity which can distort results. The distortions will increase with increasing resolution and will be greater when the unmatched component is small compared with the matched component. In biological systems such fluctuations can arise from long-range mass-density fluctuations or from the propensity of hydrophilic amino acids to be found near the surface of proteins. Since hydrophilic amino acids have slightly higher scatteringlength densities than hydrophobic amino acids, proteins will typically have higher-than-average scattering-length densities near their surfaces (Worcester, Gillis, O'Brien & Ibel, 1976) . Although such distortions will be greatest in the highresolution regime, in some circumstances they can even lead to errors in very low-resolution information, such as in the determination of the in situ radius of gyration (Moore, 1981 ; see also Nierhaus et al., 1983) . In neutron crystallographic studies, fluctuation effects have hindered high-resolution struc-ture determination (Bentley, Finch & Lewit-Bentley, 1981 ).
An illustration of the effect of fluctuations is shown in Fig. 1 . Here the diffracting system consists of an ordered array of particles (A) bearing smaller particles (B) having a different scattering-length density. Only the average density [o'A(r)] of type-A particles can be matched by the solvent density (o~,,0 in real systems. As the average density of the particle of interest [O'l~(r) ] approaches o-4(r ) and as the volume of the particle B becomes small as compared to that of particle A, interference from fluctuations in A (and in B at high resolution) will increasingly distort measured diffraction intensitites.
For neutron solution scattering studies there exist techniques which allow one to circumvent the effects of fluctuations for two special cases. For complexes (or aggregates of complexes) containing two smaller isotopically substituted particles, Hoppe (1973) pointed out that the correct intrapair distance can be determined by making the measurements on the appropriate mixtures of unsubstituted, singly substituted and doubly substituted proteins. In order to obtain undistorted in situ solution scattering curves for single particles embedded in a matrix, a novel triple isotopic substitution method has recently been devised for eliminating both interparticle interference effects and fluctuation effects (Pavlov & Serdyuk, 1987; Serdyuk & Paviov, 1988; Pavlov et al., 1991) . This method utilizes scattering measurements from a mixture of complexes bearing both protonated and deuterated type-B particles and from a solution of substituted complexes bearing only particles having intermediate deuteration.
The purpose of the present work is to describe a method which allows more accurate determination of diffraction intensities from an array consisting of one or more small type-B particles embedded in one or more larger (A) particles (or solutions containing , are large they will contribute significant diffraction intensity and they will also generate interference with type-B particle diffraction.
such arrays) having scattering-length-density fluctuations (Fig. 1 ). We will show below that by combining the correct scattering measurements one can obtain a low-resolution diffraction pattern identical to that which would be obtained if the type-A particles were truly 'invisible' to neutrons. Thus it will be possible to accumulate meaningful intensity data to a higher resolution than is possible by conventional density matching. Like the Pavlov-Serdyuk method, this method also requires three isomorphic isotopic substitutions. However, the method described below does not remove the interparticle interference among the particles from which data are desired. This makes the method suited to diffraction studies of ordered systems (i.e. crystals, platelets and helices). By taking spherical averages, the method can also be used to study dilute monodisperse solutions of complexes bearing either one type-B particle or ordered arrays of type-B particles. In the former case, the current method is more restrictive than that of Pavlov & Serdyuk in that the latter method can be applied to dense 'solutions' since the interparticle interference terms are eliminated. Thus the two methods are complementary.
Theory
If measurements are limited to some s .... (s = Q/27r, where Q is the momentum transfer), then it follows that one cannot resolve structural details smaller than dram -l/(2s ...... ). Given this, the diffraction from an array of identical particles (P) can be calculated by dividing each particle into cubes of volume (dram) 3 with differing scattering-length densities o-p,, and embedded in a solvent of average scattering-length density cr,,,~. Such a system produces nuclear elastic scattering intensity given by (Cowley, 1981; Kostorz, 1979 ):
where r, i = ri-r/and the summations are over all the cubes in all particles.
Defining the average scattering-length density ~p, where the averaging is over the volume of P, we have o'e/= ~p + Ao'ei,
where A~rp, is the 'fluctuation' of the ith subunit of P. The contrast of the ith subunit of a type-P particle, o'e;, may be defined as
where pp is the mean value of the contrast for the type-P particles. Note that substitution of (3) into (1) and rearranging yields the well known quadratic intensity expression derived by Kirste & Stuhrmann (1967) . Extending (1) to a diffracting system consisting of two kinds of particles (see Fig. I ), A and B, and using (2) and (3) For simplicity, expressions for diffraction from type-A particles have not been fully expanded. Here it is to be understood that the sums refer to a summation over all subparticles (cubes) in all particles of a given type. The terms in (4) represent, respectively, (i) scattering from type-A particles alone, (ii) scattering from 'uniform' type-B particles alone, (iii) interference effects due to 'uniform' type-B particles with type-A particles and with the fluctuations in type-B particles and (iv) interference effects due to fluctuations in type-B particles with type-A particles and with themselves.
Next, consider two samples, one consisting of arrays of (type A) particles holding type-B particles, B1, and the other consisting of arrays of type-A particles holding type-B particles, B2. Further, it is assumed that B1 and B2 particles differ only in their levels of deuteration and that all type-A and type-B particles are otherwise isomorphic. This will be true if either the type-B particles are small enough so that at low resolution they can be considered homogeneous (Atrs;=O) or the magnitudes of the scattering-length fluctuations are independent of the deuteration level. As the latter approximation is unlikely to hold in all but special circumstances, the upper limit on the resolution of the method presented here is usually constrained by former approxi= mation.* From (4) the intensity difference between experiments with type B1 and type B2 substitution is
i~A .jE B * Fluctuation-originating distortions by the (matched) type-A particles are decreasingly significant as the relative volume VB/VA increases (see Moore, 1981) . Here we will only consider the case where V s/ V A "~ 1.
Note that the first term is proportional to the diffraction by homogeneous type-B particles (the desired information) and the second term contains contributions from inhomogeneities in type-A particles.
In order to eliminate the second term in (5), measurements are made on three otherwise identical samples containing B1, B2 and B3 with ~m > ~ > ~e3 (B3 can be protonated). Defining Apt2 ~ PBI --PB2, Ap2 3 z PB2 --PB3 etc. and using (5) 
where 0 < 9' < 1, (6) reduces to
i~BjEB if all intensities are measured in a common solvent. The term on the right is proportional to the soughtafter diffraction by labelled particles without the influence of scattering-length-density fluctuations arising from the matrix particles. For solutions, the double sum on the right averages to give the lowresolution form of the Debye equation, so that this method holds for dilute monodisperse solution scattering too. Note that this result is independent of the composition of the solvents, provided that the exchange of labile H and D atoms is independent of the particle deuteration level.
Experimental approach
Equation (8) shows that the desired undistorted diffraction (scattering) from type-B particles can be obtained from the appropriately scaled differences of three experimental measurements. In the three experiments, everything is held constant except for the deuteration level of the type-B particles. As in the Pavlov-Serdyuk method, measurements are made with a common solvent having any H20/D20 ratio. It is even possible to make the matrix 'invisible' in H20. Thus, possible intensity variations arising from changes in solvent penetration or changes in hydrogen exchange with solvent density variation (Stuhrmann, 1976) can be avoided. Also, as in the Pavlov-Serdyuk method, any solvent near the surface of a protein which has a structure different from bulk solvent will not contribute to the diffraction as it would in the case of conventional density-matching experiments (Li, Giege, Jacrot, Oberthfir, Thierry & Zaccai', 1983) . In practice it may be difficult to obtain three identically substituted samples and identical exposures for oriented structures. Normalization of data may be achieved in these cases by utilization of very low-resolution reflections. For solutions the situation may be somewhat easier because one can extrapolate (continuous) intensity by the appropriate Guinier plot to obtain !F(000) and the samples can have fixed thickness and can uniformly intercept the entire beam. For solution studies, the technique may be technically somewhat simplier than the complementary Pavlov-Serdyuk method because one need not make a mixture of B1 and B3 particles based on prior measurement of deuteration levels. A precise value of 3' can be determined after a successful neutron experiment. Although modern deuteration methods allow increasingly accurate setting of final protein deuteration levels, ancillary neutron density match-point measurements or proton NMR measurements (Moore, 1977) will undoubtedly be required to assay deuteration levels to determine ),.
Concluding remarks
In summary, the method presented allows more accurate measurement of low-resolution intensities from organized systems than is possible by density matching, albeit at the expense of considerable experimental effort. However, with the rapid emergence of recombinant DNA methods and their use for producing deuterated protein (Seeholzer, Cohen, Putkey, Means & Crespi, 1986) , this burden is not likely to be prohibitive.
